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INVESTIGATIONFTEEPOSSIBILITYOFSIMPLIFYING
MISSILEGuIDAmESYSTEMSBY TEEUSE
OFFREE-FLOATINGFLAPSANDSPRING-
MOU’NTEDCONTROLSURFACES
By KatsumiHikido,PaulE.Hayashi,
andHenryC.Lessing
SUMMARY
Theuseofaerodynamicandmechanicaldevicesforimprovingthe
responseofguidedmissilesis investigated.An analysisismadewhich
showsthatby theuseof.&ree-fbatingflapsandsprin&-rno&tedcofii%ol
surfacesit shouldbe possibleto improvetheairframelongitudinal;
k dampingandto decrease‘thevariationofthesteady-stat%-.“maneuvera%ility
.
withflightconditiontoan extentsuchthatelectronicautom-tic&tabili-
%“ zationandgain-adjust~.devicescanbe eliminated.An’aQl~cationoftheanalysisispresentedinwhichthedesignofa frc$e-fbatfigflap
damperisconsidered,andresultsofa wind-tunneltest:~e”presented
whichshowthata flaptitfithedesiredlinearcharacteristicscanbe
obtained.
..
,.l ‘t*#* m.
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INTRODUCTION
~ thedesignofa guidedtissile,thefundamentalproblemconsists
of integratingtheaerodynamiccharacteristicsandguidancesystemina
mannersuchthatthemissilecsmbe controlledaccuratelythroughoutits
flight.Forcertaintypesofmissiles,suchas theboost-glidetype,the
flightconditionsmayvaryovera fairlywiderange,anditisnecessary
to designthemissilesothatadeqgatemaneuverabilityisretainedover
theentirerange.It isknownthatMachnumberandsltitudechangeshave
a markedeffectonmissileperformmceandthatsomemeans-mustbeprov-
ided to compensateforthesechangesiftheperformanceistobe adequate
forallflightconditions.Inparticular,theaerodynamicdampingof
missileairframes,especiallyathighaltitudes,is solowthatsomemeans
ofautomaticstabilizationisnecessary,andthewidevariationwith ‘“- .
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dynamicpressureofthemaximumavailableturningraterequirestheuse dofa gain-adjustingmechsmism.Untilrecently,electronicdeviceshave
beenusedto copewiththeseproblems,butthegrowingcomplexityof
guidancesystemshasmadeitdesirablethatthepossibilitiesofa dif-
ferentapproachbe investigated.
.
Currentlyincreasedeffortisbeingdirectedtowardtheinvestigation -
ofmechanicalandaerodynamicdevicesforimprovingthecharacteristicsof
missileairframes,smditisthepurposeofthisreportto considera few
deviceswhichappearto showsomepromiseinthisregard.Inthe.past
someinvestigationson theeffectoffreecontrolsonthestabilityof
ahplaneshavebeenmade(see,e.g.,refs.1, 2, and3) inwhichit is
shownthatthedampingoftheairplanecanbe alteredappreciablyb
changesintheaerodynamicandmasscharacteristicsofthefreecontrol.
Intheanalysispresentedhereinconsiderationisgiventomethodsof
choosingcombinationsofthesecharacteristicswhichwillresultin
increasedairframedampingand,inaddition,tomeansofreducingthe -.
effectofMachnumberanddynamicpressurechangeson thesteady-state
.—
maneuverability.
Thisreportis concernedwitha theoreticalstudybasedonlinear
aerodynamicparametersofmethodsforreducingthevariationinthemaxi-
mumavailableturningrateenda studyof stabilitydiagrsmsto determine
theflapcharacteristicsnecessaryto improvethemissiledampingover
thespecifiedrangeofflightconditions.fi”addition,thedesignofa —
flapwiththedesiredlinearcharacteristicssconsideredandwind-tunnel
dataarepresentedto demonstratehefeasibilityofobtainingthese K
characteristics. ..=—
i’
SYMBOLS —
ao loc&’%peedof sound,ft/sec
Ao,Al,
AZ,A=}
coefficientsofthecharacteristicequation
b wingspan,ft
E meanaerodynamicchordofwing,M.A.C.,
ef meanaerodynamicchordoffree-floating
C.g. centerof gravity
~h hinge-momentcoefficientof oneflapor
(basedtinM.A.C.andareaofwingunlessotherwisenoted),
ft
flap,ft
controlsurface
hingemoment
@E
itwwfwami.
kl
‘d
A5~9 .
dragcoefficient,dragforce@
ro3Mng-momentcoefficient,rokg momentqSb
liftcoefficient,liftingforceqs
pitching-moment
acL
7ii-
acL
-z?L
a(a3/2v)
coefficient,pitchingmoment
qsc
3
hill! NACARMA55L09
ach
ch~ —
a(&/2v)
D~(”) differentiationwithrespecto time,&
F(D) symbolforthecharacteristicequation
g accelerationdueto gravity,ft/sec2:
h altitude,ft
H hingemoment,ft-lb
.
.-
& valueofflapmass-unbalancehingemomentforwhichthedsmping
andfrequencyofthemissilewithflapsfloatingfreelyare
equalto thoseofthemissilewithflapsfixed,ft-lb
HD valueofflapmass-unbalancehingemomentforthedivergence
boundary,ft-lb
He valueofflapmass-unbalancehingemomentforwhichthegainof “-” l
themissilewithflapsfloatingfreelyisequaltothatof the
missilewithflapsfixed,~t-lb := &
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i
Ic
L
If
Iy
J’%
z~
Zf
m
mc
%r
.
M
4 P
~
r
R
s
Sf
=C
%?
m
momentof inertiaof
slug-ft?
momentof inertiaof
slug-ftz
canardcontrolsurfaceabout
free-floatingflapaboutits
!5
itshingeline,
hingeline,
longitudinalmomentof inertiaofmissileaboutitscenterof
gravity,slug-ft2
springconstantforthetorquespringonwhichthecanardcontrol
surfaceismounted,ft-lb/radian
distancefromhingelineof canardcontrolsurfacetomissile
centerof gravity,ft
distancefromhingelineoffree-floatingflaptomissilecenter
ofgratity, ft
massofmissile,slugs
massofonecanardcontrolsurface,slugs
massof onefree-floatingflap,slugs
free-streamMachnumber
roJlrate,radians/see,orrootof characteristiceqpa.tion
~free-streamdynamicpressure,lb/ft2
:dsmpingfactor
:Reyuoldsnumber,basedonM.A.C.ofwing,orRouthtsdiscriminant
: (seeeq.(15)).
:tota.1areaoftwocoplanarwing
enclosedby thebody,sqft
!areaof onefree-floatingflap,
~distancefrom
hingeline,
line,ft
jdistancefrom
hingeline,
line,ft
centerofgravity
panels,includingtheportion
Sqft
of canardcontrolsurfaceto its
positiveforcenterofgratitybehindthehinge
centerofgravityoffree-floatingflapto its
positiveforcenterofgravitybehindthehinge
.-
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timerequiredfortheenvelopeofan oscillationto dsmpto one-
halfof
velocity,
weightof
ln2itsamplitude,- ~
ft/sec
onefree-floatingflap,lb-
distancefromcenterofpressuretomissilecenterofgravity,
positiveforcenterofgravityforw=dof centerofpressure,ft
angleofattack,radiansunlessotherwiseindicated
(seefig.1)
flightpathangle,radians
(seefig.1)-
deflectiona gle
wiseindicated
deflectiona gle
indicated
nominalvalueof
load,deg
deflectionangle
of canard
.
unlessotherwise
controlsurface,
indicated
radiansunlessother-
offree-floatingfltip,radiansunlessotherw3,se
deflectionofflap,uncorrectedforaerodynamic
of controlsurfaceactuator,radiansunless r
otherwiseindicated . . .- .—
Pdampingratio(seeeq.(26))
angleofpitch,radiansunlessotheritkeindicated
(seefig;-1)
mass-unbalance
mass-unbalance
termforonecanardcontrolsurface,QSc /—, sec2ftqs~
mfsf
termforonefree-floatingflap,— sec2/ft
qs~‘
densityofair,slugs/cuft
Ic
~, secz
qsc
=Y 2.
—--,sec
qsE
-.
w
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P
(JI
0
A
z Ss
()
~
e Ss
()
~
5 Ss
c
f
nm
Ss
If
~’ ‘ec2
massfactor,2m—, secpvs
b.?,l/sec2
frequencyof oscillation,radians/see
flapgain,steady-stated flectionoffree-floating
canard-control-actuatordeflection
flapperunit
turning-rategain,steady-stateurningrateofmissileperunit
canard-control-actuatordeflection
turning-rategainjsteady-stateurningrateofmissileperunit
canard-control-surfacedeflection
Subscripts
canardcontrolsurface
free-floatingflap
nominalvalueofflapdeflectionuncorrectedforaerodynamicloads
steady-statecondition
Inthe
withflight
ANALYSIS
analysiswhichfollows,theproblemsofreducingthevariation
conditionofthemaximumturningrateandof increasingthe
ds.mP@3OfairframesWillbeconsidered.Throughouttheanalysisithas
beenassumedthattheaerodynamicforceandmomentcoefficientsdepend
linesrlyontheirrespectivevariablesandthatthemissileairframeis
perfectlyrigid.It isrealizedthatlinesraerodynamiccoefficientsare
difficulttoachieve;however,theinsightandphysicalinterpret~tion
possiblethroughtheuseofa “linear”analysismakeita valuabletpol
forthestudy
latersection
ofrelativelycomplexsystems.Considerationisgivenina
tomeansforobtaininglinearhinge-momentcoefficients.
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Thegeometriccharacteristicsofthemissiletobe analyzedare +.
showninfigure1. Thisconfigurationwaschosenforpurposesof i.llus- —
trationas representinga typical.air-to-airmisstle,andestimatedvalues ~
of itsmassandaerodynamiccharacteristicssregivenintablesI and11.
Theangleswhichdefinetheinclinationfthemissileanddeflectionsof
surfaceswithrespecto theirreferenceplahesarepositiveas shown.
Toavoidconfusion,theterm“flap”willalwaysbe usedtoreferto
thefree-floatingsurfacesattachedtothewings,andtheterm“control
surface”willreferto thecanardcontrolsurfaces.
TheVariationofTurning-RateGainWithAltitude
Gainvariationof theposition-servomissile.-Inthissectionand
ttioughoutthediscussionwhichfOUOWS,thete~ “ga~n~’ is used ~ the
conventional.mannertorefertothesteady-statevalueoftheratioof
an outputquantitytotheinputquantitycausingthechangeinoutput.
Witha position-servocontrol;thedetailsofwhichare :
infigure2(a),themissilerespondstoan errorsignal”
control-surfacedeflectionwhichisproportimalto the
Theequationforliftforthiscasemaybe written
tionas
shownsketched
by specifyinga
signal.
inoperatornota-
( ‘D+CJ’-[(c%+‘LJ$D+C4 e=cL~b2TD+ C% ~V
Theterms CL&andCLq aresmallcomparedto the~thertermsand
disregardedwithoutintroducinganysignificanterrors.Equation
becomes
Similarly,theequationforpitckkgmomeatmaybewritten
maybe
(1)then
(2)
(3)
NACARM A55L09
* Theturning-rategainisobtainedby solvingfor
and(3)andthensettingD = O intheresulting
done,theexpressionforthegainisderivedas
L
9
(7/~)rr~ ~.::=s(2)
equation. . .
(4)
It isindicatedinAppendixA thatthesecondterminthedenominatoris
generallysmallcomparedtothefirstandmaybe disregarded,leaving
(5)
Notethatthedyuamicpressureq appearsexplicitlyinthis~ress ion;
hencethegatiwillvaryby a factorofapproximately10foran altitude
rangeof sealevelto60,000feet. Thisvariation,shownforthepresent
missileby thedashedlineinfigue 3, isundesirablefromthestandpoint
ofautopilotdesign,&d someme-s ofreducingitto acceptablelimits
isneeded.Severaldeviceswillbe consideredinthefo~- sectionsl
Influenceonthegainoffree-floatingflays.- It islmownthatfree-
floatingflapscanchangeappreciablythedsmpingofairfrsmes,butfirst
itwillbe necessaryto determinetheirinfluenceonthesteady-state
< turningrateofthemissil.e.Theproblemis oneinvolvingthethree
degreesoffreedom7, G, andA, and,inaccordancewiththeassumptions
madepreviously,theequationsofmotionmaybe writtenas
(6)
.
(8)
&
wherethehinge-momentcoefficientsof equation(8)srebasedonthemean
~~
aerodynamicchordand areaofthewing. Eqpation(8)istheequation
ofmotionforoneflaponly,butsincesymmetryofmotionisassumed&d
.
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twoflapswilldeflectas a unit,theliftandpitching-momentcoeffi-
( )
x
cientsduetoflapdeflectionCLAandCmA arefortwoflapsdeflected.
together.Ithasbeenassumedherethattheliftandpitchingmoments H
duetorateof changeofflapdeflectionsmdthehingemomentoftheflap
dueto controldeflectionarenegligible.Fromtheseequationsthe L
expressionforthegainis
()~5 Ss
which
(CLAJ
terms
given
reducesto equation(4),as itshould,-whentheflapeffectiveness
)%A is setequalto zero.As forthepreviouscase,someofthese
aresmallandmaybe disregarded(seeAppendixA),andthegainis
withgoodaccuracyby —.
Y
v
Notethat the
thusitwould
thevariation
free-flbating
(table11)is
formof eqpation(10)is similarto thatofequation(5);
be expectedthatthefree-floatingflapwouldnotreduce
ingainwithaltitude.Thevariationforthemissilewith
flapsfortypicalvaluesoftheaerodynamicparameters
shown.bythesolidlineinfigure3 andisagainapproxi-
matelya factorof10.
Influenceonthegainof spring-mountedcontrolsurfaces.-Since
thevariationsingainobtainedfortheabovecasesareunacceptable,
someotherapproachmustbe”used. Onesolutiontotheproblemisto
mountthecontrolsurfaceona torquespringsothatitsdeflectionwill ““
be influencedby theaerodynamicmomentsimposed“uponit. Thedisplace-
mentof theservois stillproportionaltotheerrorsignalasbefore.
Thisdeviceisillustratedby thesketchinfigure2(b),whichcompares i
thespringcontrolwiththeusualpositioncontrol.
.)
Todeterminethe Wluenceofthetor~espringonthe gainvariation,the fol.lowingequa-
tionofmotion.is assumedfor the canardcontrolswrface:
(!5Cw- 5J7 + [(5.2.
- “JD2-~(:D-’)l’ -(”c” - ‘@’-’k’%)’=-%’ (u)
where ~ is the springconstantof the torquespring,and all aerodynamicderivatives,incW33.ng
hinge-mcmk?ntcoefficients,areba~edon theme= aerod.ynsmicchordand uea of the~. It is
desiredto findonlythe effectof the springon themissilegain;hencethe systemis definedby
equatiom (2), (3), and (U.). H, for simplicity,themass-u.nbabnceterm ~sc is set equalto
zero,thereresultsthefollowl~ expressionfor the turning-rategati:
K’T(%%-CL&J
Thisexpressioncanbe shplifiedas for the other
r“
cases(seeAppandixA) giving
1
(13)
Notethatthe dy_mdc pressure q appaarsody as a factorin one of the termsof the denominator;
henceitseffecthasbeen suppressed.Fhysical.lyit cambe seenwhy the gainbecomesless sen6i-
tiveto changesin q. As the dynamicpressureIncreases,the effectivespringconst.mN
(~ - (%/qS@)) bec~ea tier; hencethe deflectionof the controlsurfacefor a givenservo
,,
12
displacemente
controlsurface
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alsodecreases.Theincreasingeffectivenessofthe
isthuscompensatedforby snid.1.erd flections.Mach x
numbersti31appearsexplicitlybut,sinceallthecoefficientsare
affectedby Machnumberchanges,it isnotpossibleto seetheInfluence w
ofMachnumberfromeqwtion(13).Itwillbe seenlater,however,that
Machnumbereffectshavealsobeenreduced.Z% isevidentfromequ-
tion(13)thatifthespringconstantgoesto.zero,thegainwillalso
go to zero.Forverylargevaluesof spring-constant,theterm KT/qS5
becomesthedominaaterminthedenominatorjsndtheexpression(13)
forthegainapproachesthatgivenby eqmtion(5)forthegainofthe
missilewitha positioncontrol.Therefore,-tifthebeneficialeffectof ““
thespringistobe realized,someintermediatevalueof lLTisneeded.
Forreasonswhichwillbe discussedina late=
KT = 10.35foot-poundsperradianwaschosen.-
ure3 thatthegainvariationhasbeenreduced
a factor ofonly2 tiertheindicatedaltitude
It shouldbementionedherethatthegain
canbe reducedalso-byusinga torqueservoto
—.
section,a v;lueof
It canbe seenfromfig-
considera~ly,varyingby
range. ,
variationwithaltitude-
actuatethecontrolsur-
faces.Theprinciple-ofth=torqu=servoissimilarto thatofthe
torquespring;theservorespondstoan inputsignalbyspecifyinga
hingemomentonthecontrolsurface,whereupmithecontrolsurface
deflectsuntilthespecifiedtorqueisbalanckdby-theexternalaero- —
_ic h@e momentactingonthesurface.It canreadilybe seenthat
thecontrol-surfacedeflectionstieinfluenced-bythedynamicpressure
andwilldecreasewi”thincreasingq,thuscompensatingforthechange
offlightconditioninexactlythessmemanne5Tasforthetorquespring. P
Sincetheprincipleinvolvedintheuseof thesetwodevicesis similar,
itwasdecidedtoanalyzeonlytheeffectsof%he torquespringinthe P
presentinvestigation.As a matterof interest,however,theequations ‘
fora missilequiypedwitha torqueservosregiveninAp~ndixA, and
thevariationinturning-rategainwithaltitudeandMachnumberare
giveninfigure4.
AugmentationfAirframeDamping
Intheprecedingsections,itwasfoundthatthespring-mounted
canardcontrolsurfacesprovidesatisfactorycompensationforthegain
variationwithaltitude.Inthefollowingsection,thefeasibilityof
increasingthedampingofairframesthroughtheuseof free-floating
surfaceswillbe investigated.Itispossibletousethecanardsurface8
toprovideaddeddampingaswellasto compensateforthegainvariation;
however,inthepresentcasetheflapsonthemainliftingsurfaces,as
shownin figure1,wereutilizedtoprovidedamping.A similarinvesti- 2
gationwascarriedoutby Curfman,Strass,andCraneinreference4. The
analysisto followisbasedon a studyof contoursof constantdamping v
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andfrequencyconstructedby themethodof reference5. Forconvenience
inthediscussion,thetem “basicmissile’twillhenceforthbe usedto
referto theconfigurationconsistingof themissilewiththespring-
mountedcanardcontrolsandwithflapsfixed.
MethodOf$J.X31ySiS.-Thecharacteristicequationderivedfromequa-
tions(6), (7),(~) -d (11)isof sixthorder;however,itwillbe shown
laterthatshrplif~ assumptionscanbemadewhichreducetheeqyation
to oneoffourthorderhavingtheform
F(D)= (14)D4+A&+A~+AlD+& =0
wherethecoefficientsarefunctionsoftheflapandmissileparameters.
Thesoluticmof equation(14)determinesthestabilityofallthedegrees
offreedomofthesystem,andthemotionof
theform
plt p2t
C~e
p=t
+ Cze + C3e
eachdegreeoffreedomhas
p4t
+ C!de
where P=>P=~Pa>ad PA aretherootsof equation(14)andthecoeffi-
cientsCl,Cz,C~,andCA aredeterminedfrominitialconditions.Note
thatthemotionofeachdegreeoffreedomis composedofthesumoffour
modes,andthemagnitudeofeachmodemakingup thesumisdeterminedby
thesizeof itscoefficient.Ifanyof therootsarecomylex,theymust
appearinconjugatepairs,andthecorrespondingmodescombinetoform
oneoscillatorymode. Thuseachdegreeoffreedomaybe representedby
thesumoftwooscillatory,oneosciXiatoryandtwoaperiodic,orfour
aperiodicmodesofmotion.Thecomplexrootshavethefomn
p=r*iu
andthemotionwillbe stableonlywhenallthenumbersr havenegative
values.‘loinsurethiscondition,it isnecessaryto satisfythewell-
knownconditionsforstability,whichstatethatallthecoefficientsof
eqyation(14)andtheRouthdiscriminantgivenby
R=
musthavethesamesignif
AlA2A~- A==- &A32 (15)
themotionistobe stable.Ifallbuttwoof
theparameterscomprisingthe coefficientsof
stabilitydiagramswhich show the combination
motioncan be constructedin the plane of the
equation(14)arefixed,
ofparametersgivingstable
twoparameters.The
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oscillatoryboundary,whichrepresentsyointswhere.an oscillatorymode B“
ofmotionhaszerodamping,isobtainedby settingequation(15)to zero,
andthedivergenceboundary,whereanaperioticmodeisneutrallystable, —
by settingthecoefficientA. equalto zero. Thestableregionwill l -
be thatportionof.thediagramlyingonthe~ositivesideofbothbounda- .-
ries.Furthermore,as showninreference5,”additionalcontoursof con-
stantdampingandfrequencycanbe constructedby assuminga solution
D = r + iu ad substitutingintoequation(14).~is restits~ a com-
plexequationwhichcanbewrittenas tworealequationsby equatingthe
realandimaginarypartsto zero.Carryingoutthisprocedureforthe
—
presentcaseresultsinthetwoparametriceqpations
4rs
r4+ As ‘+
where-u = @. If
equations(16)and
Routhdiscriminant
+3A3r2+ (~-k) r+ A=-pA3=0 (16)
(A2- 6p)r2+ (A=- 3@~)r +% - @2 +Va = o (17)
is setequalto zeroand v iseliminatedfrom —
(;7),itcanbe seenthattheresultisexactlythe
R. To obtaincurvesof constantdamping,a valueis
chosenforthedampingr,andeqwtions(16)md (17)~e solvedin
termsofthevariableparsmeterP fortheqpsntitieswhoseeffectsare
beinginvestigated.”:Thefrequencyof oscillationat eachpointalong ‘“ #
thecontoursthusobtainedisgivenby @/2fi,andifthesamesequence
ofvaluesof v is usedforeachvalueof r; curvesofconstantfre-
quencycanbe obtainedsimultaneouslywiththeconstant-dampingcurves. P
Substitutionfthecomplexroot,D = r + iu,intoequation(14)
presupposesthepresenceof oscillatorymodesofmotion,andtheproce-
duresoutlinedabovewillyi”eldpointsonlyforthoseregionswhereat
leastoneoscillatorymodeoccurs.
Applicationfthesnalysis.-Theequtionsofmotiondefiningthe
systemconsistingofthemissilewithspring-mountedcontrolsurfaces
andfree-floatingflapsaregivenby equations(6),(7),(8),and(lJ_).
As statedintheprecedingsection,thecharacteristicequationderived”
fromtheseequationsofmotionisof sixthorder.It isnotnecessary,
however,tousethissixth-orderquationsi?icesomeshplifyingassump-
tionscanbemadewhichreduceconsiderablythecomplexityofthe ‘“ ‘“
problem.
Ifthenaturalfrequencyofthecanardcontrolsurfaceismuch
greaterthanthatofthemissile,themissilemodeofmotionwillbe u
relativelyundisturbedby thehigh-frequency-oscillationsfthecontrol
surface.Conversely,thecontrolsmfacewill.followalmostexactlythe
motionofthemissile, andtheonlydeflectionofthesurfacewith i’
&~
t..
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s respecto themissileaxiswill.be dueto thestaticaerodynamicmoments
imposeduponit. Theinertialanddsmpingtermscanthusbe dropped
frcmequation(I-1)whichcanthenbe writtenas
c~’’(+”-’)c~e+(%++‘a’ (18)
Theuseof eqyation(18)intheplaceof eq,,tion(11)
controlsurfacereducesthecharacteristicequationto
order.
Inorderfortheuseofequation(18)tobe valid,
forthecanard
oneoffourth
thespringcon-
stantKT mustbemadelarge-enoughsothatthenat~alfre~uen;yof
thecontrolsurfacewillbe largerelativeto thatofthemissile.It
mustnotbemadetoolarge,however,since,as shownpreviously,the
variationin gainwithaltitudeapproachesthatoftheposition-servo
missileforverylargevalues.Sincethegaincanbe ~de independent
ofaltitudeonlyforthetritialcaseof zerospringconstant,some
variationingab withaltitudemustbe expected.Itwasdecidedthat
a gab ~iation by a factorof2 inthealtituderangeof 5,OOOto 60,000
feetwasacceptable;theresultingvalueof @ = 10.35foot-poundsper
radiangavea control-surfacenaturalfrequencyapproximately23times
thatofthebasicmissileairframe.
As a checkonthevalidityoftheforegoingassumptions,theroots
oftheexactsixth-orderqmtionandthesimplifiedfourth-orderversion
wereobtatiedforthemissileat a flightconditionof 30,000feetalti-
tudeanda Machnumberof1.5. Therootsofthesixth-ordercharacteris-
ticequationare
D1 = -29.96
Da = -=56.23
D3>4= -2.ooti7.02
D5,e= -0.01A i247.71
andtherootsofthefourth-orderquationare
“1 = -29.96
D= = -2J_56.23
D3,4s -2.00Ai7.02
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Thelastpairofrootsofthesixth-orderquationcorrespondstothe
canardsurfacemodeofmotion,anditcanbe seenthatitsoscillations
areofhighfrequencywitha lowsmountof @ping. Thissmallsmount-
ofdampingisdueto thefactthat ~ wasassumedtobe zeroineqpa-
tion(11),andthevalueshownaboveisdueonlyto interactionwiththe
missilemotion.A comparisonof theotherroots,whichcorrespondto the
missileandfloating-flapmodesofmotionshowsthat,to theaccuracy
withwhichtheywereobtained,theyareidentical;therefore,forthe
purposesofthisreportwhereinthemissile~~sponsesandthecharacter-
isticsofthefloatingflap=e ofprimaryconcern,theequtionsof
motion(6),(7),(8),andthesimplifiedequatim(18)areadequateto
representthesystem.
Thecharacteristicequtionderivedfromtheseequtionsofmotion
canbewrittenin the form of equation[14). The coefficientsAo,Al,
A2,andAs arefunctionsofthemissilead flapparametersandare
givenincompleteforminAppendixB. Stabilitydiagramscannowbe con-
structedforthesystemrepresentedby equation(14)by takingtwoof
theq,yanti.tiesas coordinatesa wasdiscussedin theprecedingsection.
Thetwoquantitiestobe chosenweredeterminedby thefollowing
considerations.
Sinceitisdesiredtofindtheeffectsof thefloating-flapcl&ac--
teristicsonthemissileresponse,thechoiceofparametersislimitedto
thoseinvolvingtheflap,namely,~, ~, ~, andthemass-unbalance
hingemoment.Thehingemoments~a.nd ~ arefunctionsofMachnumber
anddynamicpressureand,ingeneral,wi~ notremainconstantasflight
conditionschange.Ontheotherhand,preliniharycomputationsshowed._
that,ingeneraljvaluesof ~ muchlarger%hancanbe-obtainedaero-
dynamicallyweredesirable,andsomeauxiliar~mechanicalorviscous
dsmpingdeviceisneeded.Theaerodynamicflapdampingisthusonlya
smallpartofthetotal@ping, and ~ isessentiallyindependentof
flightconditions.Similarly,themass-unbalancehingemomentisa func-
tiononlyofthemasscharacteristicsof theflapandis,therefore,
independentofflightconditionsalso. Thisindependenceofflightcon-_
dition,andthefactthattheymaybe variedCompletelyindependentlyof
eachother,servestomakestabilitydiagramshaving~ andmass-
unbalancehingemomentas coordinatesmoreusefulfromthestandpointof
design.
Discussionofthestabilitydiagrsm.-A typicalstabilitydiagramis
showninfigure5 fortheflightconditionof 30,000-feetaltitudeanda
Machnumber-of1.5. Theorttbiatesrepresentvaluesof ~, negative
upward,andtheabscissasrepresentvaluesofflapmass-unbalaucebinge
moment.Positivevaluesofmass-unbalancemomentcorrespondtothecases
wherethecenterof gravityoftheflapliesbehinditshingeline. only
thefirsttwoqyadrantsareshowninthefiguresinceonebranchofthe
oscillatorystabilityboundary(R= O) isessentiallycoincidentwiththe
horizontalaxis. Thedivergenceboundary(~ = 0) is independentof
HYmdUE-‘
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dampingabouttheflaphingelineandappearsinthefigureas a vertical
lineextendingaboveandbelowthehorizontalaxis. Theoscillatory
stabilityboundaryfirstappearsinfigure5 at theupperright-handcor-
nerofthefigure.Itmaybe seenthatas thedampingabouttheflap
hingelineisdecreased,themass-unbalancehingemomentnecessaryto
causea neutrallydampedoscillatorymodefirstdecreasesandthen
increases.As ~ isdecreasedfurther,themass-unbalancehingemoment
ontheboundaryincreasestoa valueofapproximately0.75foot-pounds
afterwhichtheboundaryreversesuddenlyandbecomesessentiallycoin-
cidentwiththehorizontalsxisas indicatedin sketc,h(a). b orderto
indicatethevariationofoscil-
lationfrequencyoftheneutrally
dsmpedmodeon theboundary,the
frequenciesarenotedinfigure5
in cyclespersecondatpoints
designatedby thesmallopen
circles.
Eachcontourof constant
dampingoriginateson thebound-
aryofequalroots,twobranches
ofwhichareshowninfigure5.
Onthisboundarytheimaginary
partsoftwocomplexconjugate
rootsdefiningan oscillatory
modeofmotionbecomeeqgalto
zero;therefore,theosci~atory
moderepresentedby theconstant
dampingcontourdegeneratesinto
twoaperiodicmodes,bothofwhich o
C@np to half amplitudeintheindicated
time. Infigure5 eachoftheconstant Sketch(a)
dsmpingcurvesoriginatesontheupperbranchoftheboundaryofequal
rootsand,as thedampingis increased,thestartingpointof eachcurve
movesoutalongtheboundary.Forveryhighvaluesofdamping,other
constantdampingcurvesnotshowninthefigureliebelowandoriginate
onthelowerbranchoftheboundary.
Theconstantdampingcurveof greatestinterestinfigure5 isthat
whichhasthessme T=/2 as themissilewiththefree-floatingflaps
fixed.The T=la forthiscasewascalculatedtobe 0.634second.This
curveisdiscontinuousat f = 1.69cyclespersecond,whichcorresponds
to theshortperiodlongitudinalmodeof thebasicairframe.Notethat
the curveis asymptoticto theverticalinedesignated~, whichwill
be discussedinmoredetail ater.As thefrequencyis increasedbeyond
1.69cps,a newbranchofthiscurvestartsinthefourthquadrantand
formsa smallloopinthefirst quadrazrklyingbetweenthe boundaryof
equalrootsand the lowerbranchof the oscillatoryboundary. This
branchofthecurvehasbeenomittedforpurposesof clarity.Theregion
of greatestinterestisthatareaenclosedby theinitialportionofthe
18
constantdampingcurvedesignatedby T1i2
genceboundary.Thisregionrepresentsthe
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0.634secondandthediver-
;aluesofflapdampingand
mass-unbalancehingemmnentforwhichallmodesofmotion-are~ta~leand
forwhichthereareno oscillatorymaleswhichhavelessdampingthanthe
basicmissile.
In orderto interpretproperlythecurves howninfigure5,it is
necessarytorememberthateachpaintinthe.figurerepresentsthecom-
plementarysolutionofequation(14).Itwillbe recalledthatthefour
rootsofthisequationmaybe (a)allcomplex,correspondingto twooscil-
latorymodesofmotion,(b)tworealandtwocomplex,correspondingto
twoaperiodicmodesandoneoscillatorymode-,or,(c)allreal,corre-
spondingto complet’klyaperiodicmotion.Sincetheboundaryofequal
rootsrepresentsthelocusofpointsat whichthefrequencyofoscillation
goesto zero,thesethreetypesofmotioncorrespondto theregionsof
figure5 whichareseparatedby thebranchesofthisboundary.Itwas
statedpreviouslythat curvesof’veryhighdampingnotshowninthefig-
ureliebelowandoriginateonthelowerbranchoftheboundaryofeqyal
roots.Theconstantdampingcurveswhichareshownoriginateontheupper
branch. Thenmotionofthetype(a)occursinthesemi-infiniteregion
belowandto therightofthesetwobrsnches:”The”oscillatorymodesretie- .:
sentedby theconstantdampingcurveewhichliebelowandoriginateonthe
lowerbranchof theboundaryofeqpalrootsdegenerateonthisboun~ry’
to twoaperiodicmodes,aadtype(b)motionoccursinthesemi-infinite
regionlyingabovethetwobranches”ofthisboundary.m“(b) motion
alsooccursintheregionwhichliesprimarilyintheumstablethird
qyadrantlyingto theleftofandbelowthetwobranches.‘Type(c)motion
occursintheregionlyingtothe’leftofthe..essentiallyverticalportion
“oftheupperbranchoftheboundaryofeqti rootsandbetweenthetwo
approximatelyhorizontalportionsofthetwobranches.Theseregtonsare
indicatedinsketch(a)by letterscorrespondingtothetypeofmotion
whichOCCLlrS.
Wheneitheroneorbothmodesofmotion”areofan oscillatorynature,
an indicationofthetypeofresponsetobe expectedmaybe obtainedfr6m
examinationfthefrequencieswhichoccurat thepointunderconsidera-
tion.Forinstance,intheregionoffigure5 wheretwooscillatorymodes
arepresent,everypointintheregionmustbe theintersectionpointof
twoconstantdampingcurvesinorderto deftiecompletelythesolutionof
eq~tion(14).Generally,oneofthesemodesmaybe associatedwiththe
airframe,andtheotherwiththeflap. The~rimaryresponseoftheair-
framewillhavethedampingandfrequencyof.theconstmt-dsmpingcurve
whosefrequencymostnearlycorrespondstotheairframefrequencyat the
pointof intersection.
As an exampleof theseremarks,considerpoint1 infigure5. Two
oscillatorymodesmustoccur,oneofwhichshouldbe almostneutrally
dampedsincethepointliesessentiallyontheneutral.oscillatorybound-
ary,andshouldhavea frequencyofbetween3“6and39cyclespersecond.
&x@@qmw“-
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Theundsmpednaturalfrequencyofthecontrolsurfaceat thisflight
conditionis41.7cyclespersecond,anditmightthereforebe expected
thatthehighfrequencyumiampedmodeofpoint1 wouldformthe@mary
componentoftheflapmotion.Thepointalsoliescloseto theconsta.nt-
dsmpingcurvewhichhasthesame T112 as theairframewithflapsfixed,
andthesecondoscillatorymodeshould,therefore,havea frequencyof
oscillationa dtimeto damptow amplitudeofapproximately1.69cycles
persecondand0.634second.Thismodeshouldformtheprimarycomponent
oftheairfrsmemotion.Timehistoriesof theresponseduetoa unitstep
controlservodisplacementforthebasicmissileandfortheconditions
ofpoint1 arepresentedinfigure6(a)and6(b). Theairframemotion
withfree-floatingflapshasdampingandfrequencycharacteristicswhich
arealmostidenticalwiththoseforthemissikwithflapsfixedas
expected.Theflapmotionconsistsprimarilyofa small-amplitude,
neutrallydampedoscillationwitha frequencyof 38 cyclespersecond.
Theeffectoftheundsmpedoscillationsof theflapontheairframemotion
isnegligiblebecauseoftherelativelyhighfrequencyof theflapmotion.
Allthetime
ReevesElectronic
werecomputedare
by numbersfrom1
Points2 and
historiespresentedinthisreportwereobtainedonthe
AnalogComputer,andthepointsforwhichtimehistories
designatedby thefilledcirclesinfigure5 anddenoted
through7.
3 offigure5 lieh a regionwheretype(b)motion
occurs;thatis,themotionshouldconsistofoneoscfiatoryandtwo
aperiodicmodes.Bothpointsliecloseto theconstant-dampingcurve
.
havimgthesame T=12 as themissilewithflaysfixed,andtheairframe
motion,whichforpoint1 wasfoundto consistprimarilyof thismode,
l shouldbeunchanged.Theflapmotionshouldnowbe welldamped.These
resultsareconfirmedinfigures6(c)and6(d).
Thetimehistoriesofthemissileresponseshowninfigures6(e),
6(f),and6(g)correspondtopoints4, 5,and6 infigure5. Points4
,and5 lieina regionwheretheoscillatorymodehasgreater@ping than
thatforthemissilewithflapsfixed,whilepoint6 lieson theoscill-
atory stabilityboundary.Theaperiodicmodesassociatedwiththese
threepointsarewelldamped.
Figureb(h)presentsresultsforpoint7 correspondingto ~=-O.00275
foot-poundperradianpersecondandmass-unbalancehingemomentof0.563
foot-pound.Thispointisoutsidetherangeofmass-unbalancehinge
momentspresentedinfigure5,butliesintheregioninteriorto the
smallloopmentionedpreviouslywhichisformedby theconstant-damping
curveTljz = 0.634.Eachofthecurvesof constantdampingreaterthan
thatforthemissilewithflapsfixedalsoformsloopsinthisregion,
andtheconditionschosenforfigure6(h)correspondto thepointwhere
the Tllz = 0.346-secondcurvecrossesitself.Bothmodesdamptohalf
smplitudeinthistime,andtheoscillationfrequenciesare4.o6and24.1
cyclespersecond.
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Effectofflapdampingendmass-unbalancehinge momentonmissile
gainandfrequency.-It canbe seenfromtheresultsjustpresentedthat
theprimarycomponent‘oftheairframemotioncanbemadetodsmptohalf
x
amplitudeina specifiedtimethroughtheuseoftwodifferentcombina-
tionsofflapdampingandmass-unbalancehingemoment.Theoscll.latory .
modesofpoints5 and7 damptohslfamplitudein0.346second.The
airframeresponses,however,forthetwocasesas showninfigures6(f) “-”
and6(h)havemarkeddifferencesotherthanthepresenceofthesecond
oscillatorymodeforpoint7. Thefrequencyoftheprimarycomponentof
theairframemotionforpoint7 is2.4timesthatofthebasicmissile,
whilethatforpoint5 is0.66timesthatofthebasicmissile.h addi-
tion,thesteady-stateurningrateperunitservodisplacementfor
point7 isapproximatelyone-halfthatforthebasicmissile,whilethat
forpoint5 isalmosttwicethatforthebasicmissile.Sincea rela-
tivelyhighairframefrequencyisgenerallydesirable,itmayappearthat
thecombinationf ~ andmass-unbalanceh-e momentcorres~ndingto
point7 ispreferable;however,itshouldbe notedthatthisvalueof ~
isoftheorderofthatwhichmaybe obtainedaerodynamically,andany
smallchangein its“valuecsncausedrasticchangesin the missileresponse.
Becauseofthis,theconditionscorrespondingtopoint5 aremorepractical.
It is importanttonotethisvariationwithmass-unbalancehinge
momentand HA ofthefrequencyandgain,sincetheseqwtities,a“swell ._
as thedamping,areessentialfactorsgoverningtheresponseofa missile.
Infigure5,thecurvesof constantfrequencyaregivenby thebroken
lineswhichapproachtheboundaryofequalrootsas thefrequencygoesto
zero. Itcanbe seenthattheregionwherethemaximumdampingcanbe l
obtainedliesintheneighborhoodfthecuspb theboun&ryofeqpal.
roots;however,inpracticeit isdesirabletokeepthefrequencyashigh
aspossible,anditis etidenthatthefrequencyisverylowinthis s
region.Ifthesmallloopregionmentionedaboveisexcluded,themaximum
frequencythatcanbe obtainedisthatofthebasicmissile;hence,ifthe
dampingistobe increasedby theuseoftheflaps,thefrequencywill
alwaysbe somewhatless. However,thoughsomedecreaseisunavoidable,
thereductioninfrequencycanbe kepttoa minimumby consideringthe .
contoursof constantfrequencyaswellas thoseofconstantdampingin
selectingthevalueof ~ andmibalancehingemoment.
Fromeqwtionsofmotion(6),(7),(8),and(18),theexpressionfor
theturning-rategain for the missile-flapccinbinatiouis givenby
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Thisexpressionmaybe simplifiedby disregarding
.
maybewrittenas
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thesmalltermsand
(il.=(a)[c<c%cm-c%mb)-c%( ck-%~m)]{(-
Thevariationinturning-rategainas a functionofmass-unbslance
momentfortheflightconditioncorrespondingtofigure5 isgiven
)Chfj
(20)
hinge
by the
uppercurveinfigure7. It canbe seenthatforverylargepositive
valuesofmass-unbalancehingemoment,thegaintendstowardzero,and
thatforvaluesofmass-unbalancehingemomentapproachingthedivergence
boundary,thegaintendsto infinity.Thusthereisa valueofmass-
unbalancehingemomentto therightofthedivergenceboundaryforwhich
thegainofthemissile-flapcombinationiseqyalto that-ofthebasic
missile.Thisvalueofmass-unbalancehingemomentisshownby theline
. labeled“~” infigure5. Theexactexpressionforthisboundaryis
derivedinAppendixC,butformostpurposes,it is sufficientlyaccurate
tousetheapproximateexpression
l
.
(21)
It can”beseenfromfigure7 thatforallvaluesofmass-unbalancehinge
momentbetweenthedivergencebowdaryandthatgivenby ~, theturning-
rategatiforthemissile-flapcombinationisalwaysgreaterthsuthatof
thebasicmissile.Thisconsiderationfthegainvariationwithmass-
unbalancehingemoment,asweJlas thatof dampingandfrequency,isan
importantoneinthedesignoftheflap.
Thelowercurveinfigure7 givesthesteady-statevalueoftheflap
deflectionperuhitservodeflectionangleas a functionoftheunbaldnce
hingemoment.Theflightconditionagaticorrespondsto thatoffigure5.
ROM equations(6),(7),(8),a?.id(18)theexpressionfortheflapgainis
(22)
22 &OkA=iE=d!
whichmaybe simplifiedto
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Noteinfigure7 thatnearthedivergenceboundarywherethe
,-
Z
(23)
*ping is
thehighest,asmentionedabove,theflapgaintendstobecomeverylarge.
Forthepresentanalysiswhereinit isassumedthattheaerodynamiccoef-
ficientsarelinearfunctionsoftheirvariables,itisnecessarytokeep
thedeflectionssmallinorderto staywithinthelimitationsofthe
theory,andcaremustbe takentoavoidvaluesofunbalancehingemoment
nearthedivergenceboundary.
Expressionsfor % andthedivergence-boundary.-Itwillbe shown
inthissectionthatapproximateexpressionsfor ~ andHD csnbe
derivedwhichwillgreatlystiplifycomputations.Thedivergenceboundary
isindependentof ~, andthevalueofmass-~balsncehingemomentrepre-
sentingthisboundaryisobtainedby settingtheconstautermofthe
characteristiceqmtion(14)equalto zero. Ontheotherhand,the
constant-dsmpingcontourepresentingthedsmpingofthebasicmissile
isa functionof HA ad isnotas stipleto obtain.It canbe seenfrom
figure5,however,thattheinitialportionofthecurveisalmosthorizon-
talandrapidlyapproachesthevslueofunbalancehingemomentgivenby
%) becom- aswPtoticto itas thefrequencyapproachesthatofthe
basicmissile.Theregionwheretheflapaddsdampingisthusa roughly
a
rectangularea. Thetransientsolutionsshowninfigures6(b),6(c),
and6(d)forpoints1, 2,and3,respectively,onthelinedesignated $
by ~ infigure5 showthatthedampingandfrequencyoftheprimary
modeofmotioncorrespondingto themissilemodeisverynearlythatof
thebasicmissile.Thereforetheregionof interestwheretheflapsadd
dampingcanbe consideredwithlittlelossinaccuracytobe boundedby
thedivergenceboundary,thehorizontalportionofthecontourwhichhas
thesame T=/= as themissilewithflapsfixed,andtheverticaline
deslgnatedby~. Thislatterlinewillhenceforthbe referredtoas
the ~ boundary.
Thederivationoftheexactexpressionsforthedivergenceand Hs,
boundariesandthestepstakento simplifythemaregiveninAppendixC.
It isshownthatthedivergenceboundaryisgivenwithgoodaccuracyby
.
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% Similarly,the
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expressionforthe ~ boundsrycanbewrittenas
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(25)
Sincebothboundariesareindependentof ~, theregionof interestis
boundedby twoverticalinesinthestabilitydiagrsm.Equations(24)
and(25)plottedasfunctionsofaltitude,Machnumber,staticmargin,
hingemoments,andmissilemasswillshowtheeffectontheregionof
interestof eachoftheseparameters.Theseeffectsareshowminfig-
ure8. Foreachcaseonlytheparsmeterwhoseeffectisbeingconsidered
wasvaried,andallotherswereheldat thevaluesgivenintableI and
thosecorrespondingtoa Machnumberof1.5andan altitudeof 30,000
feet. TheeffectofvariationinMachnumberincludedusimgtheaero-
-C derivativesgivenintable11.
~ allthecasesillustratedbyfigure8,theregiqnofdamping
higherthanthedampingforthebasicmissileliesbetweenthetwobound-
aries.Thusifit islmownhowtheboundariesareaffectedby eachof
theabovevariables,itcaneasilybe determinedwhetherthemotionwill
be stableforallanticipatedconditions.Anychosenvalueofmass-
unbalancemomentmustlieintheregionof interestforall.conditias.
Forexample,itcanbe seenfromfigure8(a)thattheboundariesare
relativelyindependentofaltitude,andthereisa widerangeofmass-
unbalancehingemcmentswhichfallwithinthestableregionfor~ alti-C tudevariationoffromsealevelto 60,000feet.
TheeffectofMachnumberchsngesontheregionof interestisshown
infigure8(b). If thehhchnumberis increased,theregionof interest
isshiftedto theright,butit canbe seenthatat firstthedivergence
boundaryis shiftedmuchmorerapidlythanthe ~ boundary.
Theeffectof C% canbe seenfromfigure8(c).Notethatas C~
isincreasednegatively,theregionof interestis shiftedtowardmore
positivevaluesoftheunbalancehingemoment.In orderto staywithin
thestableregion,therefore,itwouldbe necessarytouselargerpositive
vsluesofmassunbalance.Sincevaluesofmass-unbalancemomentnearthe
divergenceboundarygivehighdamping,it canbe seenthatfora given
amountofmassunbalance,increasingC% negativelywilJhavetheeffect
of increasingthedsmpinganddecreasingthefrequency.
.
Figures8(c)and8(d)showthatif C~and Cm arevariedsimulta-
neouslyinthessmedirection,thedivergenceboundarycanbe heldcon-
stant. The ~ boundary,however,isaffectedby changesin C~ only,
a, andlargechangesin thisquantitymayhavea significanteffectonthe
missilecharacteristics.y’,~~,;,
-—
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ApplicationftheAnalysis #
Designconsiderationsfora free-floatingflap.- To designa free- .
floatingflapsuitableforaugmentationfairframedamping,it isnec-
essaryto selectvaluesofmassunbalanceanddampingaboutthehinge
suchthattheresponseofthemissileisimprovedforallanticipated
flightconditions.As waspointedoutinthgforegoingsections,improve-
mentoftheresponseinvolvesconsiderationsofthedamping,frequency,
andtheturning-rategain. Indesigningthe-flap,it isdesiredto
increasethedsmpingasmuchaspossiblewithoutcausinga large decrease
infrequencyand,furthermore,it isdesirabletokeeptheflapgainas
smallaspossible. -.
Tobegin,itisnecessaryto estimatetherangeofMachnumbersand
altitudesforwhichthemissileisexpected.tofunctionandto compile
thenecessaryaerodynamicandmassparametersto coverthisrange.For —
thepresentcasetheMachnumberisvariedthrougha rangeoffrom1.3
to1.9,andthealtituderangeisfrom7,000to 60,000feet. Theparam- —
etersfortheseconditionsarelistedintablesI and11.
Thenextstepistousegraphsofthetypeshowninfigure8to
determinethecombinationfparameterswhichwillgiveincreasedstabil-
itythroughouttherangeofflightconditions.Thevariationofthe ~
anddivergenceboundariesmustbe suchthata valueofmassunbalancecm
be chosenwhichwillfallbetweenthemforall.anticipatedflightcondi-
tions.Onceit isdeterminedthatthisconditionissatisfied,thecom-
<.
binationof HA andmass-unbalancehingemomentgivingthebestresponse “- ‘-
canbe foundinoneofthreeways. %
Thefirstapproachconsistsofthesuperpositionofconstat-damping
curvesforthevariousflightconditions.Forexample,ifit isdesired
thatthetimetodamptohalfamplitudebelessthan0.5secondforall
cases,thecontourscorrespondingto thisvalueofdampingCSJIbe con- “
struttedforeachoftheanticipatedconditions.Thensinceeach
constant-dampingcurveenclosesanareainwhichthetimeto dsmpto
halfamplitudeislessthanthatonthecoD&mr,thatiszlessthan0.5
second,theenclosedareascommonto allthecontourstillrepresentthose
valuesof ~ andmass-unbalancehingemomentforwhichthedesired
dampingisobtained.Thisapproachisstraightforward,butitissome-
whatlaboriousinthatitinvolvesthecommutationfa constazrk3amp5ng
curveforeachflightcondition.
Thesecondapproachisto choosea reasonablevalueof HA aada
valueofmass-unbalancehingemomentlmowntofallwithinthestable
regionfroma studyoftheaforementionedgraphsshowingthevariations .
ofthe Ha anddivergenceboundarieswithflightconditions.Thesechosen
valuescanthenbe substitutedintothecharacteristicequationandthe *
*
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u solutionsfoundby numericalmethodsforallflightconditions.This
approachisbasedontrialanderrorand,thoughadequate,itmayinvolve
muchcomputationbeforethedesiredresponseisobtained.
Thethirdrnethodinvolvesthecbn.structionofa stabilitydiagram
foran intermediateflightconditionandtheuseofplotssimilarto those
showninfigure8 to deducevaluesof ~ ad mass-unbalancehingemoment
whichwill.giveapproxhatelythedesiredsmpingforallconditions.The
exactdampingratioandfrequencyforeachconditioncanbe obtainedby
substitutingthesevaluesintothecharacteristicequationandsolvingfor
therootsby numericalmethods.ThethirdapproachwilJ_be usedhere.
It isdesiredtofindvaluesof ~ andmass-unbslancehingemoment
forwhichthedampingisgreaterthanbasicmissiledsmpingthroughout
therangeofflightconditionspreviouslyselected.Tominimizethepos-
sibilityofflutter,itmaybe desirabletomass-balancetheflap;an
examinationfthegraphsoffigures8(a)and8(b)showsthata valueof
zeromass-unbal~cehingemomentalwaysfallswithintheregionbetween
thetwoboundaries,indicatingthatthedampingmaybe increasedthrough-
outtherangeofMachnumbersandaltitudesbeingconsideredthrougha
suitablechoiceof ~ only.
Theintermediateconditionforthepresentcaseistheflightcondi-
tioncorrespondingtoa Machnumberof1.5andan altitudeof 30,~
feet. Thestabilitydiagramforthisconditionisthatgivenh figure5,
andthefre~uencyand T1J2 foreachvalueof HA canbe obtainedby an
examinationfthediagram.Forpurposesof illustration,thevalueof
HA correspondingtopoint5 willbe tentativelychosen.Thedampingand
frequencyofthemissile-flapconfigurationis obtainedforeachofthe
otherflightconditionsby substitutingthevaluesof ~ andmass-
unbalancehingemomentcorrespondingtopoint5 andthequantitiesin
tablesI andII intoequation(14)andsolvingfortheroots.
Theresultsofthesecomputationsareshowninfigures9and10.
Alsoshownforcomparisonareresultsforthemissilewithpositioncon-
trolandwithspring-mountedcontrol.fithesefiguresthedsmpingis
givenintermsofthedampingratio~,whichcanbe obtainedfromthe
osc~ationfrequencyand Tli= by using the equation
c Zn2= e (26)J(~,,2)2+(2n2)2
Notethattheeffectonthedampingandfrequencyofreplacingtheposi-
tioncontrolwiththespring-mountedcontrolis small,butthattheeffect
ofthefree-floatingflapcanbe considerable.ForlowsupersonicMach
numbersthedampingisnotincreasedappreciably,butforMachnumbers
greaterthanaboutl.~,thedsmpingratiois ticreasedby a factorof
approximately3.At sealevelthedampingratiois increasedby
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approximately80percent.Itremainsessentiallyconstantup toa
altitudeofabout30,000feet,andthenincreasesas thealtitudeis
increasedfurther.
.
It isevidentfromtheabovediscussionthatasfaras dampingis
concerned,thecombinationf ~ andmass-tibalancemomentcorrespond:
ingtopoint5 infigure5 willresultinan tiprovementofthemissile
responsethroughoutthespecifiedraageof conditions.Asmentioned
previously,however,itisnecessarytoexaminetheflapgain(A/e)ss
beforeitcanbe determinedwhethertheresultsarepractical.The
variationinflapgainwithaltitudeandMachnumberisgiveninfig-
ure11,andIt canbe seenthattheratiooffree-floatingflapdeflec-
tionto servodeflectionremainsrelativelysmall(lessthan-0.45)for
allflightconditions. —
Theimprovementinthevariationofturning-rategainofthemissile
dueto thetorquespringisevidentfromfigure1.2,wherethegainsfor
themissilewithspring-mountedcontrolsandf’reeflapsarecomparedwith
thoseforthemissilewithpositioncontrols andwithflapsfixed.Note
thatforbothaltitudeandMachnumberchanges,thegainvariationhas
beenreducedconsiderably.
Transientsolutionsfortheflightconditionspresentedinthis
sectionwereobtainedontheREACandaresho”irninfigure13.b this
figure,thetimehistoriesontheleftgivetheresponseofthebasic
missile,andthetimehistoriesontherightgivetheresponseofthe
missilewiththeflapsfloating.It canbe seenthattheresponseswith
theflapsfloatingaregenerallyimprovedasfaras thedampingis con-
cerned,andthatthefrequenciesarereducedinallcasesas expected.
i“
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Experimentalinvestigationfflapcharacteristics.-Throughoutthe
theoreticalnalysisitwasassumedthatalltheaerodynsmiccoefficients
werelinearfunctionsoftheirrespectivevariables,andtheccmgyrbations
werecarriedoutforflapswhichwerecloselybalancedaerodynamically.
w reference6,itis shownthatthehingemomentsforaerodynamically
balancedtrailing-edgecontrolsurfacesarehighlynonlinear.However,
itisknownfromotherdatathatby placinga.~p betweentheflapand
thetrailingedgeofthewing,muchofthenonlinearitycm be removed.
Furthermore,it is showninreference7 thatbluntingthe-trailingedges
oftheflapsalsohastheeffectoflinearizingthehingemoments.
Fromtheseconsiderationsitwasdecidedthatan aerodynamicidly
balancedflapwitha blunttrailtigedgemountedbehindthewingwitha
gaybetweentheflapaadwing,as showninfigure14,wouldgivethe
desiredlinearcharacteristics.Theuseofaerodynamicbalancewasmade
intheanalysisbecauseitwasanticipatedthattheflapscouldbe used
.
toprovideincreaseddampinginrollaswellas inpitch;hence,the
leadingandtrailingedgesweresweptforwardandtheflapdesignedto .
be closelybalancedinordertoprovideincreasednegativevaluesofthe
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x damping-in-rollderivativeC2P. Subsequentwind-tunneltests,however,
showedthattheeffectimessoftheflapinprovidingincreasedroll
dsmpingwasnotsi~ificant;thedampinginroJlwasincreasedby a maxi-
. mumofonly15percent.
Itwasestimatedfromthehinge-momentdata.ofreference6 that,for
a biconvexairfoilsection,placingthehingelineat a pointapproxi-
matelyone-thirdof thechordfromtheleadingedgewouldresultina
closelybalancedflap. Furthermore,sinceitisknownfromtheresults
ofreference7 thatbluntingthetrailingedgeof theflapwould”shift
thecenterofpressurerearward,thehingelinewasplacedat a pointon
themidspanoftheflapa distance40percentofthechordfromthelead-
ingedge. Theairfoilsectionoftheflapwasa 5-percent-thickYbiCOZIVeX
section,bluntedat thetrailQgedgesothattheratioof trailing-edge
thiclmesstomaxhumthictiesswas0.5. B@_iminarytestswiththesame
flapwithsharptrailingedgesshowedthatthehingemomentswereslightly
morelinearwiththeblunttrailingedges=butthemajoreffectofthe
bluntingwas.to shiftthecenterofpressurerearwsrdabout7 percentof
thechordas expected.
Thewind-tunneltestswereconductedintheAmes6-by 6-footsuper-
sonicw5ndtunnel,whichisdescribedinreference8. Thetestingpro-
ceduresandcorrectionsto datacanbe obtainedfromreference6. The
testingwasdonefora rangeofMachnumbersof0.6to 0.9and1.3to1.9
at a Reynoldsnumberof2.4million.Einge-maaentmeasurementsweremade
. at constantflapdeflectionsthrougha nominalangle-of-attackrangeof
-17°to +17°withtheflapsettingsvariedin4° incrementsthrougha
rangeofdeflectionsof -20°to +20°.Representativeresultsofthehinge
a momentsobtainedinthewind-tunneltestsarepresentedingraphicalform
infigure15. Resultsforthecompleterangeof testsvariablesaregiven
intabularformintableIII.
Theresultspresentedinfigure15 showthatat subsonicspeeds,the
flapisunstableandthehinge-momentvariationisquitenonlinear.
Althoughthemagnitudesofthemomentsrerelativelysmall,thefact
thattheysreunstableprecludestheuseofthisflapat subsonicspeeds.
TheresultsforthesupersonicW h numbershowninfigures15(c)and
15(d)showthehingemomentstobe generallylinearandcloselybalanced
fortherelativelylargerangeofanglestested,-d theseflapsshould
be satisfactoryinthisspeedrangeforuseas a free-floatingdsmyer.
Thechangeinhinge-momentcharacteristicsobtainedfortheseflaps
as thespeedrangeisvariedfromsubsonicto supersonicis characteristic
ofmostaerodynamicsurfaces,andil.lustra~estheproblemsof designinga
free-floatingflapwhichwillfunctionsatisfactorilythroughoutthe
. operatingMachnumberrangeofpresent-daymissiles.
.
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CONCLUDINGREMARKS b
andaerodynamicdevicesintendedto improve .TheuseM mechanical
missileresponseovera specifiedr~e offlightconditionsappe~rsto
be feasibleonthebasisoftheresultspresentedinthispaper.Theuiie
oftheserelativelysimpledevicesappearsparticularlyadvantageousif
theoperationalspeedrangelieswhollyineitherthesubsonicor super-
sonicregime;theiruseona missilewhichoperatesinbothspeedranges
wouldpresentconsiderabledifficultiesfrom.thestandpointofobtaining
thedesiredhinge-mcmentcharacteristics,andextensiveexperimental
investigationswouldbe required. —- —
—.
Theanalysismadeinthispaperwasrelativelysimplifiedfromthe
standpointthatonlysymmetricalmotionswereconsidered;thatis,the
resultsapplyonlytoanairframeperformingmotionsinthepitchoryaw
plane.b anyspecificapplicationfsuchdevices,thecouplingwhich
maybe presentduetorollingwillhavean effectandmustbe investigated.
A furthersimplificationwasmadewhenitwasassumedthattheflight
speedwasinvariantduringthemotionsinvestigated.Itshouldbenoted —
thatifuseismadeofmass-unbalancehingemomenttoobtainthedesired
missileresponse,an effectivehingemomentdueto controldeflection
willbepresentforanylongitudinalccelerationsofthemissileairframe. -.
Althoughthiseffectwillgenerallybe small-overmostofthemissfie
trajectory,itcanbe appreciableduringthelaunchphaseandmustbe
takenintoaccount. .—
AmesAeronauticalLaboratory
NationalAdvisoryComnittee
MoffettField,Calif.,
w
forAeronautics
WC. 9,1955
*.
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DERIVATIONOFAPPROXIMATEEXPRESSIONSFQRGAIN
PositionControl;FloatingFlapsFixed
Fromeqpation(4)thegainforthiscaseis
29
(Al)
since ~–. m , thisbecomespvs
s. where p isthedensityofah andisoftheorderof10-3 slugsper
cubicfoot. Thesecondterminthedenominatorisgenerallymuchsmaller
thauthefirstand
.
.
.
canbe ignoredleavingjust “- -
($6=(&)@)(c%-~%) (A2)
PositionControl;FloatingFlapsoperative
Equation(9)givestheexactexpressionfortheturning-rategain.
H theeXPreSSiO~for T, q,-d ~f areintroduced,thedencdnator
becomes
+ )4Pzfc& + %% + PcL&rq
(A3)
30
andiftheterms
thereresults
- ~q-h~ ~< NACARMJmLo9
withinthebracketscontainingp aredisregarded
SubstitutingV = a~ andtheaboveexpressionintoequation(9)
(0s8=(F&xii)
gives
(A4)
Spring-PositionC trol
If,inthedenominator
substituted,thereresults
fequation(W), theexpressionfor T is
~ {(ch5@~-+ ( ‘) [~c% + P%#- g -c~q= ~ Gq)+pv
pc@c~:+pzC( )1}Cb% “%.% (A5)
Disregardingthetermswithinthebracescontainingp andsimplifying
gives
.
ControlsActuatedby a TorqueServo
(A6)
Theequationsofmotionusedintheanalysisofthetorque-servo
missileareverysimilartothoseforthespring-positionmissile.The
l
.
--
.
.
eq,,tionafor lfftad pitching are, of course, identical,but finthe place of equation (IL), the !S
equationfor the controlsurfaceIs
b the hinge rmnent specifiedby the
missile turninwmte @n is obtatied
torqueservoh respmme to am inputsignal.
by 601KW.8for (j/H)fromewatlrms(2),(?J),
and lelrkingD go to zero. If thisis done,thereres~ts the expression ‘
I
(A8)
!I!het rmsconkxkinga factorof p are gmerally smallcorqaredto the remaini~ termsaud may be
disregarded,leaving
1
l
(A9)
COEFFICIENTSOF THE CHARACTERISTICEQWION
Fromthe eqwtions of motion(6),(7),(8),smd(I-8)itcm be shownthatthe characteristic
equationmay be put intothe form
F(D)=D4+A&+-A#+ AID+ ~=0 (m)
(B3)
, !
DERIVMTONAND SJMFLIFICATTONOF EXHUi9SIONSFOR WJIWWXS
,.,.
NOTATION
The expressionsto be derived In this sectionare rather len@y, so to shplil’y thewriting
the following notationsare introduced:
*
— ‘2%+c%%~)+w[-@%+%~$)+:(cLA%-ck%A12TCJ~U~ {(
c . .
, ,
I
THE DIVERGENCEBOUNIMRY
I
3 The divergencebouudary is obtainedby settingthe coefficient ~ of the characteristic. equationto zero., It equation (B5)iswrittenintheforegom Rotation,theewessicmfor ~ ,.w, is r
@ d
t“
)
~=~”.<% (C7)
.
..Equatingtozeroandsolvingformass-unbsl.suceM.ngemomentglvea I
‘*
La-f%%=7 (C8) “:
.
Consider the term ~ in the numerator. If the expressionsfor q and T are substituted,there
results .
.,
1 : VSE
B2=——
2~A 21f {%(* % + @@%:)+ %J - (% %5+%% :)+% (%%-%%)] +
.
:%::s,[(’’’’c)(%%%)c% c(%ckc(%ck-W%)%A+(%QV%%A]}
w
ul
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Thetermsmultipliedby thefactorp aresmallcomparedtotheremain.
ingtermsandmaybe disregarded,sothattheexpressionfor B> maybe .
written
B2 =
Substitution
I
f eqyations (c6)and(c9)intoeqwtion(c8)gives
(C1O)
THE ‘a IWJNDARY
Fromequationsofmotion(2),(3),and(18)thecharacteristic
equationforthespring-positionmissilewithfloatingflapsfixedis
&+ QoD+Po=O (Cll)
whichrepresentsa simplesecond-ordersystemoftheform
~ i-23~D
Therootsof equation(Cll)are
Q~D=-yti
+W2=0
nz 4 4
sothatthedsmpingisgivenby r = -(~/2)andthefrequencyby
.
.—
.
.
.
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. Sincethe ~ boundaryrepresentsthemassunbalanceforwhichthe
dampingandfrequencyofthemissilewithfloatingflapsareequaltothat
forthemissilewithflapsfixed,theexpressionfor ~ canbe obtained
. by substitutingthesevaluesof r andw andthecoefficientsfrom
AppendixB intoequations(16)and(17).Sol- fortheunbalance
hingemomentfromtheresultingequationsgives
g~(Bz + po2- BIPO)
a= (C12)f + aPo
As forthedivergenceboundary,~ T = m/pVS and q = (1/2)p~ are
substitutedandthetermsoftheorderof p or smalleraredisregarded,
thefollowingexpressionsresult:
.
.
.
B2 =
Po =
B= =
f=
a=
(PV=)2(S5)2
[
c~@E
41yIf CmCl.c%- %c~ + ~ - chbqs~ (%5%)]
(C13)
(C14)
2 \“ Iy mc j
Substitutionf eqyations(C13)through(C17)
inthesimpltiiedexpression
(C17)
into equation(C12)results
Wv-w—mgqp ...1 “*
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Since,ingeneral.,If<< Iy,thisexpressioncanbe furthersimplified
to
%=
gmEc&
“cqJJ3c ‘“ -( )‘+ %-CL.-%~bqse -=cq (C19)
.
.
THEHe BOUNDARY
Theturning-rategainisthesteady-statevalueoftherateof
changeofflight-pathsingle~ perunitcanard-control-actuatordeflec-
tion e. Equation(13)maybe written
(C20)
as thegainforthespring-controlmissilewithflapsfixed.
l .
Similarly,frtiequatioas(6),(7),(8),and(n) thegainforthe”
missilewithcanardsurfacesmass-balanced~ withflaps-floating
The
are
and
~ boundaryrepresentstheflapmassunbalanceforwhichthe
is
.
(C21)
gains
equal;therefore,ifwe equatetheright-handsidesofeqyationfi(C20)
(C21)andsolvefortheunbalancehingegmment,thereresults ““ ‘
‘e‘w+‘W(a%a:%$c~+~l} “22)
Iftheexpressions-forB,,Pojandf from_equations(C13),(C14),and
(c16)areused,there.resultsthesimplifie~expression -
.
Q@ c~~ (C23)“Ie’c%~.ck~
.
Li
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TABIEI.-MASSANDGEOMETRICPARAMETERSOFTHEMISSILE
m missilemass,slugs.... . . . . ... . . . . . . 3.33
m;, IIESS Of onefloatingfhpj slugs. . . . . . . . . 0.675
c,
s,
Ef>
Sf,
b?>
2C,
Iy?
If,
1=,momentof inertiaof controlsurface,slug-ft2. 0.0006
M.A.C.ofwing,ft..... . . . . . . . . . . .
I
1.475
wingplan-formmea, sqft . . . . . . . . . . . . 2.262
M.A.C.offloatingflap,ft .’.. . . . . . . . . 0.41.6
plan-formareaofoneflap,sqft . . . . . . . . 0.248
[
see’’symbols’’),ft... . . . . . . . . . . . . 2.184
see“symbols~’),ft..... . . . . . . . . . . 2.776
longitudinalmomentof inertia,slug-ft=. . . . . 23.28
momentof inertiaofflap,slug-ft=.. . . . . . 0.00045
W II.- AERODYNAMICP~ OFTEEMISSILE
M= 1.3
4.047
0
1.26
-0.6199
-1.74
0.746
-1.021
-5.85
-0.0020
-0.0040
-os0100
-0.0120
-0.153
M = 1.5
3.740
0
1.20
-0.695
-1.67 -
0.6M
-1.183
-5.80
-0.0035
-0.0317
-0.0080
-0.0095
-0.186
M = 1.9
3.156
0
1.03
-o.p86
-1.63
0..500
-0.850
-5.77
-0.0043
-0.0020
-0.Oq’o
-ol0080
-0.189
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[Wsedcm the area and M.A.C. of one free-flmt~fkp]
,
1
m
).0387
.0!?J$5
;@=&
:%
.rm3
.@@
.0n8
.ool’!J
.Ow?
.-
.Qw3
)
-calls
-JJw
-.MJ.O
::p
E-.Lx!
-.W
-.03$2
.-
TABIZ III.- KmU3-MOMEm! CHARACTERIWCICSOFTHEti-ETOAmG mm - Continued
I I m I J
I
, ,
TABLEIII.- ERiG.5-MCMENTCWT9EUSTICS OF THE l?!REE-F’LONCINGFLAP - Continued
*
I
l’T.n -12.CA
lls.14.t:%
3s.32-I&(%
lo.m -l%6
-8.19-12.a3
<.q -l&ca
-km -1.2.UJ
-1.g3-u?.@
-.W -12.C8
-:g :12:g
1.00-12.@
2.03-3-2.O$J
4.10 I?.@
6.IB-law
8,27-1.&og
IA37 -U?.w
$g -::~
17:69-U&33
) M - l.go
m ~ A %
o.ce3Jl
‘p
47.62
+6.%
C@
8.03
O.om
.olu
:%!s3-*.46 8.WI .CIR.3
..0305+2.* 8.00 .m%
-o@ -10.yi ‘7.93-.WU
-8.27 7.92-o@
f.. 7.. ::~5
-. Q.1O 7’,$5-.&!03
-.0122 -1,05 7.95-.cem
-:g ;g :;%
-.
rdle 1.86 7.* Ll?i3
=70 3.W 7.93.-Se
::s i:% E! x!
2: ;: ::%b
-. 3 M.L5 ‘r.y3-.m$tl
::% $% [g ::%
TABLE III.- HIN’GWMCMENTcE4RAcTE!Rmmm 0? THE I!P#YE-lTXMTIXGFLAP - Continued
.
*
TKEKEIII.- ElJ2KiE-MOMENTCHARACECERIS~CSOF THE FREE-FKM.TINGFM@ - Continued
w :;;;c’:%$pm$g o,%
.14.k3-l%m .cxxz!12.3’749.97 :LW
.U2.yi-20.W ,OW -I.&w -19.93 .d
.lo,a-w.m -.0032 -8.1’?-19.YJ .@
-8.14-?o.a -.02% 4.92 -20.CA-.@
-6.07-’20.01-.oloJ -.89QO.m -.@!
-3.93-m.o? -.com -.37+?O.CQ-.OLW
-1.93-Q&m -.Ln63 .Jo-20.C2-.om
-.93-20.CQ-,fmu La? -m& -.%
;:: %:% ::Z M +0;03 ::W
-20,03-.oza 6.24-20.03-.Old
e:03-20.03-.A?M 8. > -20.03-.W
!.10-29.03-.W9 10.?5-20,03-,ola
:$ %? ::% 22 %%. ::%
-20.04-.02391.6.77-’m.03-.OI.$
32:b5QO.04-.W5 17.83-F$3.03-.OM
14.54-m.d+ -.@cl
16.63-m.& -.0227
17.69+o.q -.0374
u 1N- A’
Lh.w -19.930.04G516&-3-19.77
&% :::$ := 1:$:: ~.g
J3.I.8-19.55 .Iz254-lo.rlf:19:80
.6.C8-19.97 .0176 -&m -19.83
-3.99+.9.57 .fJ3’39-5.* +9$9
.1.$?-19.99 .om3 -3.8349.87
-.88-20,00 .am +..81-19.67
-.?.6-20.00-.= -.73-19.87
.x -=.03.-.W31 -.27-19.87
1,03-20.O1-mcc@ .64-19.07
~~ -20.a?-.tzm 1.11-19.87
-m.52 -.o12b 2.1!5-L9.87
6:27
8.39
wow -20
ZR: ::% $; :g:g
Ii?.@-20:: -:sr# &8 :19:91
Lb.73
L&w a.m :.oml 14.?I?:;;:3
L~.69-m .00-.ml!lti.-ro-19.97
17.74-19.97
1 1 . ,
I M. u 1“ M - 1,0 1 n 1.
%1
-Q:%:&T;P%1 & -& &7;g%B $6;”ii-L4.60I,?@ -.0234-14i w.% -.OM -14.-.@l.?-I.& ::%
XW M ::% %:&l ::2 -.mol -1.O.37lzm
-8.39 U.93 -.U278 -0.35 W.% -.0H6 -8.33 u.%
-.0359-G?9 15.* -.* -6.25 u.
-.OW Jt.21 15.93 -.0301.-ho u. 3
-c% +2.14 15091 -.037’1-2,32 15.93
-.od a.lo 3.5.9 -.03% -1.w v.%
!.
-.59 u.w -.’3437-.* U.91 -.OW -.97 v.%
.27 lY.W -.dt31 .k?93.9.50-.
.’7915.89 -A51 .80 L3.w -.% :% ::E
,. 1.82 U.ea -dol. IA? 1>.89 -.oW 1.83 1%91
-,@lo $80 1.5.38
..m3 8.00 U.tlt
:W R i?f7~:~
~g :;:~ 1:$
~:g
::$.,076510.U7 15.&? -.072910.W 1s.
..c#2 l-au U.&? -,G737 12.11 U.a
.dm *.Ql U.83 -.0726 14.M .J ::% E“z :“%
..cm?l16.23 lM?
.@39 17.33 13.tu ::~; $: ::%
-,~ U:27 1!s:83
. . -. 17.33 u.a3
-
I,IJ2
.W5
.C91
.@
.‘m
.M6
.C&a
.059
.m
:%3
%J
.061
:%
.03?
.W
.luk
.03-2
17.38-l%oo O.teal--1-1.33-l%ao
J.6.m-L9.76 J& -u.
.14.20-19.’7’9
$ -
‘-14.3 :W
.J2.IQ-19.7a , +.&lo -~.79
Mel% -19.77
-0.WI-19.79 :W3 %; :3:E
x$ $3 :% 2:% :$:8
-1.81-19.8? .0336 -1.8+?-w.87
-.79-19.86 emk -.79-L9.89
-.27-19.86 .G78is-.28-W.89
.79-w.87 .0577 .59-39.89
1.11-19.8? .Llv5 1.10+9.89
S!.lb-19.87
4,22-I&w8* *B :fg $; $g6.3o-19.90
. .
1o.45-19.95 :% 3$; X&
U?.* *.*
Ww -19.97 .ceo3 14:54-1.9.95
36.67-19.95 .W 16.63-W.%
1-1.71-3.9.93,@29 17.7U-19.97
I 1 1
~
O.cuu
-.W7
-&J
-. Cm%
-.OKZ?
-awl
-.*
-SQS8
-.@
-.0338
-.Q61
XJ
-,@l
-.W
-,(%30
-.qlo
-.C$6
-.073-9
-.0716
ii
TAxLE III.- HIIiGE-MCMENTCHARACTEFUSTICS
M = 0.64 I
a A Ql a
.37 fo.a? .Olk?
OF m F’Rlm—FmATrNG l?LA.P - concluded
(k) Hdnd A-2(+ I
M = 0.80 I n = 0.93 M -1.30 I
%1
::% o:% -& ~:~ “:%
%1
I“:&:g y:g -d&
ad .Ola’r-E.63 ma? .0033-lJ+.&19:92 -.03s3
::: :%; -+Jg g:g ::% -=.57 g:% ::%
EQ.03 .ol* -6.y3 m.m .C@ -9A? 19.8.9-.~
20.03 .al~ -1ug m.in .~ -&3h 19.& -.0533
ma? .alm -e.@ Kha .*T -4.23 We -.&@
ma? .m9 -1.tg !m.oo .Oolg -1.g3 L9.85 -.~
m.ce .0xz3 -.53 QO.IXI-.m7 -.89 19.e6 -.0536-1.12
20.m .cKa> .35 W99 -.0050 -.37 19.e4 -.M* -.6o
m.m .ti’f
w,a .WAT 1;2 Wi ::%
.49 19.86 -.06* .f6
m.m .m 3.5% 19.97-,mEa 1:2 :;2
-.06%
-.R527 l:E
m.m -.0X7 6.0S U.* --- 3.e4 19.85 +xJq k.ol
19.93-.m74 8.16 lg,m -,~ 5.93 u.85 -.’b@ 3.93
W.* -.me.o10.Q6 19.$g-.@17 ~.~ 19.e3 -.~ T.*
:: ::% Hi $.93 -,033’7S2 $.$ ::= l$lg
.* -.ckl 10.W lg.al -,c8~ lo.ti
.
19.s5-.0276 lfi:w 19:77 -.lml M:e?
19.$9-.W 17.32 19.7Y -.I.E217.31
M -1.20 n M = 1.70 I
A oh a A %n
19.$4-o:a& -17:g lJ.g -0.d.l
19.93
19.93
19.94
::g; ::g ;~9& ;;%
:: ::$?$ -?& g$ ::%
KG, ::% y% :;.: :=
19.86 -.0507-&k 19:M .:W
u.~ +&J -Lll W.E$ ..W -1.16
19.t?6 -:; :97 -.C%@ -:g
19.e6
-.@% -.*S
19.56 -mm 1.81 19.87 -,@5 .7g
W :%$ 2: :;”R ::% ;$
19.83 -.0T33 5.93 19:PA -.
19.79 -.@’@ 7.99 X+.79 -.% ;%
~9.r7-.m 10.0519.?7 -.057slo.ce
VW-I -.@’@ U.11 19.’r7-.05+59U.@
14.17 .I.9.W-KWi 14.36
16.27 W.-R -+574 I&q
W.79 -.@3 17.33 19.80 -.@45 17.33J
M-l
A
19.97 -U3
19.% -.OI.S9
19.93 -.cGe6
19.93 -.0303
19.93 -.0303
W.93 -.@-l
19.93 -.0309
l.%%! -. 55
19.9 -.&
19.89
-A%
19.89 -.f+z@
lg.tll
-.*
W.E=3 -.GX5
19.87 -.@%
W.m -.0544
19.82 -W&2
w.80 -.L%43
19.ea -.ce34
19.?7 -.@i?
194 ?6 -JJx5
19.77 -.W79
mm -.CS41
,
I $
,\
.
,
Figure1.- Dimensionaland @ar relationships.
‘dc
\
\’
\
/
//
_QG=88 KT( e -8 )=Hhge moment
Position control. (b) SPrfn9-mounted control,
Figure 2.- Schmatic drawing of position and spring-mouutedcontrols.
I
,
NACARMA55L09‘
.
*
0
a)
u)
-\
.
.
I
9
8
7
6
5
4
3
2
I
0
- – —- Position control
Position control, free-floating
flaps
—-— Spring-mounted control
M = 1.5
\
\
\
\
\ _
,-—
—0 10 20 30 40 50 60 70
Altitude, h, feet x 10-3
Figure3.-Varia_b ionintheturning-rategainwithaltitude.
50 ‘ NACA
.08
Altitude ‘ 30,000 ft
.06
.04
.02
I
o 1.2 [.3 1.4 1.5 L6 L7 I.1
Mach number,M
RMA55L09
.08-
I
M = 1.5
.06
.04
,02
n
“o 10 20 30 40 50 60
Altitude, h, feet x 10-3
Figure 4.- Variationiutheturning-rategab.fora missilequipped
torque-servoactuatedcontrolsurfaces.
70
.
.
.
NAC!ARMAZJL09
.
,.
-
I f
39, ,*.
~
I He
-0.2 0 0.1 0.2 0.3
Mass-unbalancehinge moment, WfSf! ft-lb
Figure5.-Stabilitydiagramformissilewithspring-mountedcontrolsand
free-floatingflapsshowingvaluesofflapdampingand.massunbalance
. whichgiveconstantdampingandfrequency;M = 1.5,
altitude= 30,000feet.
umii?ia~d.
.— .-
(a)Basicmkile.
Figure 6.-Timehistoriesof turningrateand flap
conditionsof mass-unbalancehingemomsnt
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